ABSTRACT. Objective. Relatively little is known about how excess body mass affects adolescents' capacity to perform sustained exercise. We hypothesized that most of the difficulty that severely overweight adolescents have with sustained exercise occurs because the metabolic costs of moving excess mass result in use of a high proportion of their total oxygen reserve.
O verweight during childhood has been identified as a major health problem in the United States. [1] [2] [3] [4] Pediatric overweight commonly presages adult obesity 5 and is associated with the development of weight-related comorbid conditions and increased morbidity. [6] [7] [8] Decreased physical activity and a more sedentary lifestyle have been implicated as important factors in the development of pediatric obesity. [9] [10] [11] Despite that aerobic exercise is widely used in the management of pediatric overweight, relatively few studies have examined the impact of excess adiposity on exercise fitness or functional performance in children and adolescents. [12] [13] [14] [15] [16] [17] Increased fat mass is associated with decreased exercise performance in overweight children and adolescents. [12] [13] [14] [15] [16] [17] However, the cause of this limited exercise tolerance remains in question. Several investigators, primarily those who have studied moderately overweight and obese children and adolescents, have reported similar maximal oxygen uptake (V o 2 max) relative to body weight compared with normal-weight control subjects. These studies have concluded that exercise intolerance in overweight children and adolescents is attributable primarily to the increased metabolic demands of carrying an excess load, rather than a true decrease in cardiorespi-ratory fitness. 15, [18] [19] [20] However, some studies have reported that overweight individuals have significantly decreased maximal heart rate; heart rate reserve, which is defined as maximal heart rate minus resting heart rate 15, 16, 21 ; and myocardial work efficiency. 22 Whether these differences significantly influence fitness and performance is unclear. Obesity-related changes in exercise catecholamine response, 15, 16, 21 myocardial metabolism, and left ventricular morphology 22 may be associated with these findings.
We hypothesized that the primary factor limiting severely overweight adolescents when they undertake sustained exercise would be the increased metabolic cost resulting from having to move a greater mass and that there would also be a smaller but still important effect of diminished cardiorespiratory reserve. We predicted that differences in the energy costs of exercise in overweight and nonoverweight adolescents would be demonstrable most clearly during submaximal exercise tasks: compared with nonoverweight adolescents, overweight adolescents would use a larger percentage of their total cardiorespiratory reserve when performing a submaximal task such as "unloaded" pedaling on a stationary bicycle. We also hypothesized that the increased oxygen uptake during unloaded tasks would predict a poorer outcome on a functional performance test.
METHODS

Participants
We studied 129 severely overweight black and white adolescents who were recruited for a weight loss study 23 and 34 healthy, age-and height-matched nonoverweight volunteer adolescents (30 with BMI Ͻ85th percentile and 4 with BMI between 85th and 94th percentile) who were recruited for participation in a voluntary study for healthy adolescents (Table 1) . Overweight participants were in good general health but were required to have BMI Ն95th percentile for age, gender, and race 24 and at least 1 obesityrelated comorbid condition (primarily hyperinsulinemia and dyslipidemia). Overweight adolescents had ages of 14.5 Ϯ 1.8 years (range: 12.1-17.8 years), BMIs of 41.5 Ϯ 9.7 kg/m 2 (range: 27.2-73.6 kg/m 2 ), and BMI SD scores (SDSs) for age and gender 25 of 5.3 Ϯ 2.4 and were studied before they attempted weight loss. The nonoverweight adolescents (age: 14.5 Ϯ 1.5 years; range: 12.0 -18.1 years; BMI: 20.1 Ϯ 2.9 kg/m 2 ; BMI SDS: Ϫ0.1 Ϯ 0.8) were required to have BMIs of Ͻ95th percentile for age and gender and consisted of adolescents without a history of high athletic achievement. For both groups, participants were excluded when they had used any anorexiants within the past 6 months; were pregnant; had major pulmonary, hepatic, or cardiac disorders; or had lost Ͼ3% of body weight over the past 2 months. All participants were recruited from the greater Washington, DC, metropolitan area by newspaper advertisements, by fliers posted in local commercial venues, and (in the case of overweight adolescents) through physician referrals.
Each participant was seen twice at the National Institutes of Health Warren Grant Magnuson Clinical Center, once for a maximal cycle ergometry test and once on a separate day for a 12-minute walk/run test. Before exercise testing, each participant was evaluated with a medical history, physical examination, and 12-lead electrocardiogram. Height was recorded as the average of 3 measurements using a stadiometer (Holtain Ltd, Crymmyck, Wales) calibrated before each height to the nearest 1 mm. Weight was obtained using a calibrated digital scale to the nearest 0.1 kg. All participants were free of significant musculoskeletal injury as determined by a physician, and American Heart Association guidelines for exercise testing 26 were observed. Participants' parents provided signed consent statements (and adolescents gave their written assent) for all studies under a protocol approved by the institutional review board of the National Institute of Child Health and Human Development, National Institutes of Health.
Cycle Ergometry Testing Procedure
Cycle ergometry was performed as described previously. 14 Briefly, before the test, each participant was familiarized with the cycle ergometer (Ergoline 800; SensorMedics, Yorba Linda, CA) and instructed to maintain pedaling cadence at 60 to 65 revolutions per minute. Cadence was monitored electronically and verified by a member of the research staff. Exercise began with a 4-minute "warm-up" with no additional resistance applied to the pedals (unloaded exercise), followed by continuously increasing work loads of 15 to 20 Watts/min until the participant could no longer continue or could no longer maintain the prescribed pedaling cadence. Participants were encouraged to exercise to the limit of their tolerance. Predicted maximal power was used to select the rate of workload increase for each participant. 27 Expired gas exchange was measured breath by breath during exercise using a metabolic cart (Sensormedics Vmax, Yorba Linda, CA). Oxygen uptake during the 4-minute warm-up period of unloaded exercise (ULV o 2 ) was calculated as the average oxygen uptake during the last minute of unloaded cycling. Lactate threshold estimated by gas exchange (LTV o 2 ) was determined using the V-slope method. 28 Maximal oxygen uptake during exercise and exercise-induced respiratory quotient were defined as the 20-second average of values achieved at the end of exercise.
Heart rate was measured by a 12-lead electrocardiogram before and during exercise, and the highest heart rate achieved during the last minute of exercise was defined as the maximal heart rate. Resting heart rate was obtained when the patient had been seated comfortably in a chair for at least 5 minutes before the onset of exercise. The heart rate reserve (HRR), a measure of the ability to increase cardiac function in response to increasing work loads, was measured by subtracting the resting heart rate from the maximal heart rate. Blood pressure was measured every 3 minutes during exercise. Peak exercise rating of perceived exertion (RPE) was measured within the first minute of exercise recovery using the 20-point Borg Rating of Perceived Exertion Scale. 29 Participants who met at least 2 of the 4 following criteria during cycle ergometry were considered to have achieved a maximal V o 2 test and reached their V o 2 max: (1) maximal heart rate of Ն185 beats per minute (bpm), (2) respiratory quotient of Ն1.02, (3) RPE of 18 -20, and (4) achievement of an oxygen plateau. 30, 31 Attainment of an oxygen plateau was defined as a Յ2.0 mL/kg per min change in oxygen uptake during the last minute of exercise.
Walk/Run Testing Procedure
A single 12-minute walk/run test was performed as previously described. 14 Briefly, before exercise, resting blood pressure and heart rate were measured while standing. Participants then were instructed to walk and/or run to cover as much distance as possible in 12 minutes and were encouraged throughout to give their best effort. A hallway that was 47 m in length and 1.8 m in width was used as the course. Heart rate was measured and recorded at baseline (standing) and at 3, 6, 9, and 12 minutes during the walk/run test using a heart rate telemeter with a wristwatch receiver (Polar Vantage NV*; Lake Success, NY). The heart rate achieved at 12 minutes during the walk/run test was defined as the peak heart rate. Total distance (in meters) traveled at 12 minutes (D12) was measured using a measuring wheel (model MM34; Rolatape Corp, Spokane, WA). At the end of the test, each participant was asked to rate his or her effort throughout the entire test on a 0-to-10 scale, with 0 being defined as "no effort" and 10 defined as "greatest effort possible."
Body Composition
Body composition was assessed after an overnight fast by air displacement plethysmography as described previously. 32 Measurements were taken with all participants wearing minimal clothing (either underwear or a tight-fitting bathing suit) and a swim cap. Thoracic gas volume was measured during tidal breathing and during exhalation against a mechanical obstruction. Percentage of body fat was determined from body density using the standard 2-compartment model calculated from the Siri equation. [32] [33] [34] 
Statistical Analysis
Data were analyzed on a Macintosh PowerPC using StatView 4.5 and SuperAnova 1.11 software (Abacus Concepts, Inc, Berkeley, CA). Simple and multiple linear regression analyses were used to determine the relationships between variables of interest for continuous variables. Analysis of covariance (ANCOVA) and t tests were used when appropriate for categorical variables. For multiple regression and ANCOVA analyses, pubertal stage was never a significant predictor once chronological age was included in the models. Contingency table analysis with continuity correc-
in the 85th to 95th percentiles did not change the direction or significance of any of the relationships described.
RESULTS
Overweight and nonoverweight adolescents were not different in their age, race, or height but (by definition) had significant differences in weight, BMI, and percentage body fat (Table 1) . Breast development was also somewhat more advanced in overweight girls (P ϭ .031, 2 test).
Cycle Ergometry Test
Data from unloaded cycling were obtained from all participants ( Table 2 ). The average ULV o 2 was significantly greater in overweight than nonoverweight adolescents (P Ͻ .0001; Table 2 ). Eighty-one percent of overweight and 97% of nonoverweight adolescents demonstrated an inflection point in the relationship between V co 2 and V o 2 allowing determination of LTV o 2 . Mean LTV o 2 was not different in overweight and nonoverweight adolescents (P ϭ .72). V o 2 max analyses were restricted to the 74% of the overweight adolescents and 88% of the nonoverweight adolescents who reached at least 2 of the criteria used to determine the presence of maximal effort during the cycle ergometry test (Fig 1) . Among those who achieved V o 2 max, there was no difference in absolute V o 2 max between overweight and nonoverweight adolescents (P ϭ .18). However, an ANCOVA including gender, race, age, height, and lean body mass (or body fat mass) found that overweight adolescents had significantly lower adjusted (least squares) mean V o 2 max (P ϭ .0025). Similarly, a multiple regression analysis predicting V o 2 max found significant independent contributions for gender (P Ͻ .001), race (P ϭ .0063), height (P ϭ .0016), age (P ϭ .05), lean body mass (P ϭ .007), and body fat mass (P ϭ .021).
ULV o 2 accounted for 35 Ϯ 8% of V o 2 max in the overweight group but only 20 Ϯ 5% of V o 2 max in the nonoverweight group (P Ͻ .0001; Fig 2A) . When analyzed as a percentage of the LTV o 2 , the ULV o 2 accounted for 63 Ϯ 15% of LTV o 2 for the overweight adolescents but only 39 Ϯ 12% of LTV o 2 for the nonoverweight adolescents (P Ͻ .0001; Fig 2B) .
BMI SDS was positively associated with ULV o 2 (r ϭ 0.76; P Ͻ .0001; Fig 3A) . BMI SDS was also positively associated with V o 2 max in an analysis that was restricted to overweight adolescents (r ϭ 0.41; P Ͻ .0001), but BMI SDS was not significantly associated with V o 2 max when examined in nonoverweight adolescents (r ϭ 0.27; P ϭ .16). In univariate analyses, a continuous positive relationship existed between ULV o 2 and both lean mass (r ϭ 0.69; P Ͻ .0001; Fig 4A) and fat mass (r ϭ 0.78; P Ͻ .0001; Fig 4B) ; however, V o 2 max, a measure of fitness, was positively associated with lean mass (r ϭ 0.44; P Ͻ .0001; Fig 4C) but not with fat mass (r ϭ 0.09; P ϭ .34; Fig 4D) .
Heart rate was measured both at rest and at the maximal point of exercise during the cycle test. Resting heart rate before initiating the cycle test was significantly greater in overweight than nonoverweight adolescents (94 Ϯ 14 vs 82 Ϯ 15 bpm; P ϭ .0002; Fig 5A) . However, maximal heart rate during the cycle test was significantly lower in overweight adolescents (P Ͻ .0001; Table 2 , Fig 5A) . The HRR was negatively related to BMI SDS (r ϭ Ϫ0.53; P Ͻ .0001; Fig 5B) . In a multivariate model that accounted for age, gender, race, height, lean mass, and fat mass, HRR was an independent predictor of V o 2 max (P ϭ .0028) and fat mass was no longer a significant predictor of V o 2 max. The model that contained HRR increased the explained variance in V o 2 max from 46% to 54% (P Ͻ .005).
Walk/Run Test
For the walk/run test, the average distance traveled by the overweight adolescents was significantly less than that of the nonoverweight adolescents (P Ͻ .0001; Table 2 ). BMI SDS was negatively associated with the walk/run distance achieved (r ϭ Ϫ0.81; P Ͻ .0001; Fig 3B) . Although overweight adolescents started with a higher average resting heart rate (103 Ϯ 15 vs 87 Ϯ 12 bpm; P Ͻ .0001), nonoverweight adolescents achieved higher mean heart rates at 3, 6, 9, and 12 minutes than overweight adolescents (P Ͻ .0001; Fig 5C) . Fat mass was the best predictor of D12 (r ϭ Ϫ0.79; P Ͻ .0001), although HRR as measured during the cycle test was also found to be positively associated with D12 (r ϭ 0.65; P Ͻ .0001). In a multivariate analysis that included age, gender, race, height, lean mass, and fat mass, HRR for the walk/ run test was an independent predictor of D12. Inclusion of HRR in the model significantly increased the explained variance from 72% to 78% (P Ͻ .001)
Relationships Between Cycle Ergometry and Walk/Run Tests
The ULV o 2 was significantly associated with performance during the walk/run test (r ϭ Ϫ0.98; P Ͻ .0001; Fig 3C) . Absolute V o 2 max was not a strong univariate predictor of performance on the walk/run test (r ϭ 0.19; P ϭ .04). However, in a multivariate analysis that included age, gender, race, height, lean body mass, body fat mass, V o 2 max, and HRR from the walk/run test, both V o 2 max (P ϭ .0003) and HRR (P ϭ .0003) were significant predictors of D12.
DISCUSSION
We studied the fitness and performance of overweight and nonoverweight adolescents, finding that overweight and nonoverweight adolescents have similar absolute (mL O 2 /minute) cardiorespiratory fitness but that the functional impairment observed in overweight adolescents is significantly associated with the increased energy demands needed to move their excess body weight. The additional metabolic cost of excess adiposity in overweight adolescents was demonstrated most clearly during unloaded cycling. For overweight adolescents, simply moving their lower limbs induced significantly greater absolute oxygen uptake and led to consumption of a significantly larger proportion of their cardiorespiratory reserve. In addition, the greater metabolic cost of unloaded cycling was shown to predict a poorer performance during the functional performance evaluation walk/run test. Part of the metabolic cost of motion in significantly overweight adolescents likely is attributable to decreased mechanical efficiency.
Although several previous studies have found no significant differences in absolute V o 2 max or LTV o 2 in overweight and nonoverweight adolescents and adults, 16, 36, 37 numerous different methods have been used to scale V o 2 max to account for the larger size of overweight individuals. Weight in kilograms, fat mass, fat-free mass, BMI, and height all have been used as normalization measures. 14, 15, 36, 38 Age and pubertal stage, because of the muscle mass gained during puberty, are other factors that may contribute uniquely in adolescents. Depending on how the V o 2 max is scaled, studies have shown that overweight individuals attain lower, 14, 36, 37 higher, 15, 16 or similar 39 oxygen uptake at maximal exercise, when compared with normal-weight control subjects. In this study, absolute values of oxygen uptake during maximal exercise were not different in nonoverweight and overweight adolescents. However, V o 2 max was significantly decreased in the overweight group when lean body mass or fat mass was taken into account, which suggests the possibility of deconditioning and/or changes in cardiorespiratory function in severely overweight adolescents.
In the present study, maximal heart rate was reduced in overweight adolescents. Other reports have suggested that both deconditioning and obesity may reduce maximal heart rate. 21, 27, 39, 40, 41 Because of their higher resting heart rate and lower maximal heart rate, overweight adolescents had a significantly lower cycle test HRR. HRR was an independent predictor of V o 2 max in multiple regression models and was significantly related to fitness and performance in the walk/run test, again suggesting that cardiorespiratory function was affected in the overweight adolescents in the current study. One possible explanation for the difference in our findings compared with some previous pediatric studies that did not find evidence for altered cardiorespiratory function in overweight adolescents during exercise is the severity of the participants' obesity in the present investigation. Another possible explanation is the presence of comorbidities such as hyperinsulinemia in study participants. Petersen et al 22 found that changes in myocardial metabolism (increased fatty acid uptake and oxidation) were associated with insulin resistance in adult women and that myocardial work efficiency was related to BMI. Others have described higher resting heart rate but decreased maximal heart rate in overweight adults, 38, 40 which may be attributable to decreased maximal catecholamine responses. 21, 41 To our knowledge, this is the first report of a significant relationship between HRR and fitness and performance in overweight adolescents. Additional study, including detailed measurement of cardiac function, is needed to clarify whether cardiac impairment (or the initial stages of impairment) may exist in severely overweight adolescents.
The increased oxygen cost of activity in overweight individuals is known to affect performance. Maffeis et al 17 studied energy expenditure of obese and nonobese adolescents during walking and running and found that obese adolescents had an increase in absolute energy expenditure at each speed measured. The authors concluded that rather than a metabolic defect, the greater rate of energy expenditure in children was attributable to excess load from increased body weight. 17 Hulens et al 36 found that during submaximal cycling, obese women had a larger absolute oxygen uptake, which accounted for a significantly greater proportion of their total oxygen reserve, than nonobese women. Here, we report that overweight and nonoverweight adolescents had similar oxygen uptake at their apparent lactate threshold and at the maximal point of exercise but that the oxygen uptake during unloaded cycling in the overweight group was significantly greater. To undertake the simple task of pedaling a cycle with no resistance, the overweight adolescents were expending a greater proportion of their maximal oxygen utilization than the nonoverweight adolescents. This increased energy expenditure may be even more significant during weight-bearing activity, such as walking or running.
A significant correlation was found between the ULV o 2 and D12, suggesting that the greater energy cost to pedal an unloaded cycle translated to a deficiency in the functional performance walk/run test. One study of 6 trained subjects who were asked to walk on a treadmill with 25-and 40-kg backpacks found that heavier loads resulted in increased energy costs over time. 19 Similarly, the exercise intolerance of overweight adolescents that we observed could be attributed to increased energy demands as a result of the extra load from excess adiposity. Our study demonstrated that the negative correlation between D12 and BMI was a continuous phenomenon: the greater the BMI, the more severe the functional impairment.
The applicability of the results of this study to the general population may be limited by the severe, symptomatic obesity of the participants, who likely displayed more significant physical limitations than might be observed had the study been restricted to moderately overweight adolescents. However, we believe that studies of severely overweight adolescents are particularly useful in describing the progressive relationship between overweight and exercise intolerance. Another limitation is that all participants recruited were black or white and between 12 and 17 years of age; therefore, these findings may not be generalizable to younger children or to adolescents of other races or ethnicities.
In summary, a large part of the exercise intolerance observed in overweight adolescents seems to be the related to the increased metabolic demands of moving excess mass. Cardiac constraints may also play a role and warrant closer, more detailed evaluation. The clinical implication of understanding how increased load from excess body mass affects exercise tolerance is important for exercise prescriptions for overweight adolescents. Exercise prescriptions may require careful planning so as to decrease overall body mass in addition to targeting cardiorespiratory conditioning. Although weight-bearing exercise should be used when possible, some severely overweight adolescents will require prescriptions for non-weight-bearing exercise to provide a sustainable exercise work intensity that is below the lactate threshold.
